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Abstract 
At the Ketzin test site significant differences of wellhead pressures and temperature anomalies have been recorded at two 
observation wells after the arrival of CO2. Analysis of the measured well temperature and pressure data, and the deduced fluid 
density data shows that two-phase fluid conditions are prevailing in the upper 400 m of the wells. Implications on reservoir 
monitoring and well logging are discussed. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Monitoring of the reservoir pressure is essential for any geological CO2 storage for safety reasons and also 
reservoir modeling and storage management. In natural gas storage it is a common approach to estimate the 
reservoir pressure from the wellhead pressure and vice-versa via the pressure difference caused by the weight of the 
fluid column in the well. However, this approach requires knowledge of the density of the fluid in the well. Density 
profiles can readily be estimated for natural gas storage, because here well temperatures are significantly above the 
respective critical temperatures, ensuring single-phase fluid conditions and enabling the gas density at any depth of a 
well to be computed. In the case of CO2, however, the critical point is at 31.0 °C / 7.38 MPa and thus above 
common near-surface temperatures. Increased wellhead pressures, as commonly encountered in gas wells, can drive 
the system into a two-phase fluid state with associated condensation and evaporation processes, as described by 
Paterson et al., 2008 [1]. Such two-phase fluid conditions preclude calculation of reservoir pressure from wellhead 
pressure because phase state and thus density of the CO2 at any depth cannot be easily predicted. Here we present an 
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example of such two-phase fluid conditions observed in two wells at the Ketzin test site (Brandenburg, Germany) of 
the CO2SINK project. 
Ketzin is the first European on-shore pilot test site for geological storage of CO2 in a saline aquifer [2]. One 
injection well (Ktzi 201) and two observation wells were drilled at 50 (Ktzi 200) and 110 m (Ktzi 202) distance to 
the injector to a depth of about 800 m in 2007 [3]. The reservoir horizons are sandstone layers of the Triassic 
Stuttgart Formation at about 600 to 700 m depth. CO2 injection started June 30, 2008, and arrival of CO2 at the 
observation wells occurred after injection of ~ 530 t CO2 at well Ktzi 200 in July 2008 [4] and after ~ 11,000 t CO2
at well Ktzi 202 in March 2009. Since start of injection, wellhead pressures and temperature profiles of all three 
wells have been continuously recorded. In addition, P-T profiles have been measured during several wireline 
logging campaigns, which were carried out prior and after the start of injection. In October 2009 the two observation 
wells were additionally inspected by camera. 
2. Reservoir and Wellhead Pressures 
The initial reservoir conditions were 33.5 °C / 6.1 MPa at 630 m depth. Due to injection of CO2, reservoir 
pressure increased to 7.4 MPa in Ktzi 201, and 7.3 and 7.1 MPa in Ktzi 200 and Ktzi 202, respectively, in December 
2008. In June 2009 pressures had further increased to 7.8 MPa in Ktzi 201, 7.7 MPa in Ktzi200, and 7.6 MPa in Ktzi 
202. The dynamic pressure changes indicate a fairly good hydrodynamic connection between all three wells [5]. The 
wellhead pressures of the observation wells, however, notably differ from that recorded at the injection well (Figure 
1): since establishment of a stable injection regime, the wellhead pressure of injection well Ktzi 201 is fairly 
constant at ~ 6.3 MPa. After arrival of CO2, the wellhead pressures of the two observation wells increased and 
finally stabilized at ~ 5.1 MPa and ~ 5.2 MPa at Ktzi 200 and 202, respectively. The constant wellhead pressures 
indicate stable conditions within all three wells over several months. However, the notably lower wellhead pressures 
(by about 1 MPa) of observation wells Ktzi 200 and Ktzi 202 compared to injection well Ktzi 201 indicate different 
fluid states and fluid processes in the observation wells than in the injection well. 
Figure 1: Wellhead pressures and injection rate. Arrival times of CO2 at the observation wells is marked with vertical dashed lines. 
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3. Borehole Temperature Conditions 
The evolution of temperature is continuously monitored over the entire length of the boreholes using the method 
of Distributed Temperature Sensing (DTS). For this purpose all wells were equipped with permanent fiber-optic 
downhole sensor cables, which were installed in the annulus outside the 5-1/2” borehole casing [3]. Additionally 
repeated pressure-temperature logs have been acquired during several wireline logging campaigns. 
Prior to the start of injection in June 2008 the borehole temperatures are close to equilibrium with the undisturbed 
formation temperatures. Thermal disturbances resulting from drilling and hydraulic testing operations had largely 
dissipated until this time. In the two observation wells substantial temperature anomalies were observed after the 
arrival of CO2. Initially, a temperature decrease of up to 5 °C was recorded at the base of the anomaly, which at the 
beginning extended down to the depth of the reservoir, while increased temperatures prevailed in the upper part of 
the borehole (Figure 2). Subsequently temperatures at depths below about 400 m again adjusted to reservoir 
temperatures, and new ‘equilibrium’ profiles characterized by two distinct sections with almost constant temperature 
gradients in the upper part of the boreholes were established. The transition between the two different temperature 
gradients marks the position of the liquid CO2 level inside the well. 
Figure 2: DTS temperature and manometer well fluid density (MWFD) profiles of the Ktzi 200 observation well. The left track shows
the fluid density on 11.06.08 (red) and on 25.06.08 (dark blue). The right track exhibits DTS temperature data for 11.06.08 (red): 
undisturbed conditions before start of injection; 15.12.08 (orange): two-phase conditions with temperature anomaly extending into
reservoir depth; 16.03.09 / 25.06.09 (light blue / dark blue): ‘equilibrium’ two-phase conditions. The positions of the filter screens and 
the main sandstone reservoir intervals of the Stuttgart formation are indicated with black and orange bars, respectively.
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Figure 3: P-T- conditions within the Ketzin 200 observation well. Measurement data (25.06.09) is plotted with red (CO2) and blue (brine) 
colors.
4. Fluid Density and CO2 Two-Phase Conditions 
The effective fluid density was calculated for any well depth from the recorded pressure gradients. The 
temperature and pressure data were then used to construct the CO2 P- phase diagram as function of depth for both 
wells (Figure 3). Reference data for CO2 was taken from Span & Wagner, 1996 [6]. 
The data clearly demonstrates two-phase fluid conditions in the upper parts of the observation wells down to ~ 
400 m in Ktzi 200. Below these depths, single-phase fluid conditions prevail. In the two-phase fluid region, the well-
temperature is internally buffered and notably deviates from the normal pre-injection formation temperatures due to 
latent-heat effects similar to a heat pipe. In the upper parts CO2 condenses, liberates heat, and well temperatures are 
above the formation temperatures, whereas in the lower parts heat is consumed by evaporation of CO2, and well 
temperatures are consequently below the formation temperatures (Figure 2). 
Despite two-phase conditions, the recorded well pressures are predominantly controlled by CO2 vapor in the 
upper parts and by liquid CO2 in the lower parts. In the liquid-phase region, density continuously decreases with 
depth as a function of temperature and pressure conditions. This results in an inverted density profile (Figure 2), 
which was nevertheless observed to be stable over the course of several months. 
5. Camera Inspection 
The camera inspections prove the conclusions drawn from P-T logging in a rather spectacular manner. In the 
upper parts, the videos show CO2 droplets condensing at the casing and “raining” to depth. In Ktzi 200 a liquid CO2
table is present at ~ 290 m (Figure 4), which can be observed only about 10 m deeper at ~ 300 m in Ktzi 202. Below 
this depth, CO2 is boiling and small bubbles of CO2 vapor ascend. The number of bubbles and thus the degree of 
boiling decreases with depth. Within the underlying single-phase region no dynamic movement within the fluid can 
be observed. 
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Figure 4: Snapshot from camera inspection video in Ktzi 200 well showing the boiling liquid phase CO2 surface at ~290 m depth.
6. Conclusions 
The development of a two-phase region in the CO2-filled observation wells, with P/T conditions corresponding to 
the vapor pressure curve, resulted in significant temperature anomalies after the arrival of CO2. Both pressure and 
temperature log data enable the localization of liquid and gaseous CO2 phase zones inside the wells. This could aid 
the downhole pressure conditions to be determined which are very difficult to predict under these circumstances 
with standard reservoir engineering practices. Knowledge of the well fluid density is also important for the 
application of borehole corrections for evaluation of geophysical wireline logging data.  
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